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The return of glomerular-filtered albumin to the rat renal vein. and by clearance studies in isolated perfused kidney
Background. Recent studies have demonstrated that the (IPK) systems [5–12] and in vivo [5, 7, 8]. This means
normal glomerular capillary wall (GCW) is not charge selective that the flux of albumin across the GCW will be deter-to albumin. This means that albumin flux across the GCW is
mined by size selectivity alone. This has been confirmedhigh, and this has been confirmed in studies in which albumin
when the glomerular-sieving coefficient (GSC) for albu-uptake by the tubules has been inhibited. Therefore, there
must be a high-capacity postglomerular retrieval pathway in min was measured in the IPK, where protein uptake by
normal kidneys that returns filtered albumin back to the blood tubules was inhibited by various agents, including 10
supply. mm ammonium chloride [10]. These measurements wereMethods. This study identifies the presence of glomerular-
made under conditions in which glomerular size selectiv-filtered albumin in the renal vein from the analysis of the
ity, as determined through the use of polydisperse dex-decrease of radioactivity in the venous effluent after the injec-
tion of a pulse of tritium-labeled albumin into the renal artery trans, was unchanged as compared with the control [9,
in vivo and in the isolated perfused kidney. 10]. The value of GSC for albumin was found to be
Results. The postglomerular filtered albumin is returned to
in the range of 0.068 to 0.079, which is in accord withthe blood supply by a high-capacity pathway that transports
biophysical considerations and comparisons with otherthis albumin at a rate of 1830 6 292 mg/min · rat kidney (N 5
14, mean 6 sem). This pathway has been identified under molecules of similar dimensions. This means that the
physiological conditions in vivo and in the isolated perfused flux of albumin across the GCW will be of the order of
kidney. The pathway is specific for albumin, as it does not 2000 mg/min [10], and that there must be some mecha-
occur for horseradish peroxidase. The pathway is inhibited in
nism to retrieve this albumin.a nonfiltering kidney. The pathway is also inhibited by ammo-
Our study addresses the hypothesis that this filterednium chloride (an agent that inhibits tubular protein uptake
but does not alter glomerular size selectivity) and by albumin albumin is retrieved by the kidney and returned back
peptides (which compete for the tubular albumin receptor). to the blood supply, most probably by a transtubular
Conclusions. The high-capacity retrieval pathway for albu- mechanism involving proximal tubular cells. The ratio-min is most likely associated with transtubular cell transport.
nale for the experiments described in this study is toIt is also apparent that most albuminuric states could be ac-
inject a small volume pulse of [3H]albumin of high radio-counted for by the malfunctioning of this pathway without
resorting to any change in glomerular permselectivity. activity into the renal artery. Most of the pulse will pass
as a bolus through the renal vasculature and be pumped
out of the renal vein. However, a small fraction will be
It has been generally assumed that albumin undergoes filtered, and this filtered fraction may then undergo a
major restriction to transport across the glomerular capil- return pathway back to the circulation. This albumin will
lary wall (GCW) because of the repulsive charge interac- appear as a second peak(s) in the renal vein effluent
tions of albumin with the fixed negative charges of the after the initial bolus. The pathway should be specific
GCW. Over the last few years, however, we have demon- for albumin, as it has been demonstrated not to occur
strated that these charge interactions are negligible, as for horseradish peroxidase (HRP) and IgG [10, 13]. The
measured by biophysical studies in model systems [1–4] modulation of the pathway is further examined with 10
mm NH4Cl, which is known to inhibit tubular uptake of
protein [9, 10] but does not alter glomerular size selectiv-Key words: glomerular filtration, albuminuria, transtubular transport,
tubular reabsorption. ity [9].
Until now, the pathways for the renal processing ofReceived for publication July 10, 1998
filtered albumin have not been fully understood. It hasand in revised form September 30, 1998
Accepted for publication November 9, 1998 generally been assumed that filtered albumin is reab-
sorbed by the tubules and degraded to amino acids in 1999 by the International Society of Nephrology
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lysosomes. These amino acids are thought to be returned (mm) 122 NaCl, 4.6 KCl, 0.115 KH2PO4, 0.115 MgSO4,
24.9 NaHCO3, and 0.1 CaCl2 · H2O. The isolated kidneyto the circulation, although, surprisingly, this pathway
has not been demonstrated in vivo. Recent studies, both perfusate solution was 5% BSA in Krebs-Henseleit
buffer that contained 5 mmol/liter glucose, a cocktail ofin vivo and in the IPK, have demonstrated that the albu-
min pathway to the lysosomes is not unidirectional, as oxygen radical scavengers, including superoxide dismu-
tase and catalase, and amino acids, as previously de-albumin peptides (and possibly intact albumin) may be
regurgitated back into the tubular lumen with subsequent scribed [8, 10, 15].
excretion in the urine [10, 14, 15]. Degradation products
Tritium labelinghave not been observed in the circulation. These conclu-
sions have been primarily derived through the use of Bovine serum albumin was labeled with tritium by the
reductive methylation procedure of Tack et al [18]. This[3H]albumin, which has been demonstrated to be pro-
cessed in the same manner as unlabeled albumin [15]. reaction involved a brief exposure to formaldehyde and
sodium boro-[3H]-hydride. The tritium labeling was spe-There has been only a paucity of evidence for the
transtubular transport of intact albumin. The early stud- cific for the amino terminal residues and the ε-amino
groups of lysyl residues. The labeled preparation wasies of Scott et al claimed that when iodinated albumin at
20 mg/ml was injected into the tubular lumen of surface purified as previously described [14]. The preparation of
[3H]HRP was performed in a similar manner. The activ-glomeruli of the Necturus kidney, then approximately
4% of the total radioactivity injected into the tubule ity of [3H]BSA was 2.31 3 108 disintegrations/min · mg
(or dpm/mg), and [3H]HRP was 7.54 3 107 dpm/mg.could be recovered as intact albumin in the blood [16].
The most detailed study to date is that performed by
Counting of radioactivityPark and Maack, in which they used isolated perfused
rabbit proximal tubules [17]. The perfusion was for vary- Tritium and 14C radioactivity were determined in 1 ml
aqueous samples with 3 ml scintillant [19] and recordeding times after a 30- to 40-minute equilibration period.
on a Wallac 1410 liquid scintillation counter (WallacWhen the tubules were perfused with albumin at 0.03
Oy, Turku, Finland). The radioactivity was expressed asmg/ml, most of the absorbed albumin was released into
disintegrations per minute where correction has beenthe peritubular bath solution as catabolic products.
made for quenching and counter efficiency.There was a small, finite amount appearing in the peritu-
bular bath that remained macromolecular in terms of
In vivo [3H]albumin pulse studiesbeing trichloroacetic acid precipitable. There were, how-
Male Sprague-Dawley rats (250 to 300 g) were anes-ever, no control parameters used to ensure that tubular
thetized with ether, placed on a warming pad, and pre-function was normal under the perfusion conditions.
pared for the in vivo studies as follows. The left carotid
artery was catheterized to monitor blood pressure over
METHODS the entire surgical procedure. A catheter was also placed
Male Sprague-Dawley rats (250 to 300 g) were obtained in the right jugular vein. The aorta, mesenteric artery,
from the Monash University Central Animal House. Bo- inferior vena cava, and the right renal vein were mobi-
vine serum albumin (BSA; Fraction V; fatty acid free) lized. Ties were placed on the aorta below the right renal
was purchased from Boehringer Mannheim GmbH Bio- artery, the mesenteric artery distal to the aorta, the vena
chemica (Mannheim, Germany). Type VI peroxidase cava above the right renal vein and below the left renal
(EC 1.11.1.7; 288 units/mg of solid from horseradish), vein. Heparin (0.2 ml, 1000 IU/ml) was injected intrave-
trypsin (EC 3.4.21.4), and trypsin inhibitor (chicken egg nously in the femoral vein. This level of heparin was
white) were from Sigma Chemical Co. (St. Louis, MO, previously demonstrated not to affect kidney function
USA). Anesthetic ether was from Ajax Chemicals (Au- [6]. The left renal vein was clamped at the vena cava
burn, New South Wales, Australia). Sodium heparin was and cannulated to collect the renal effluent from the
from Commonwealth Serum Laboratories (Melbourne, right kidney. The aorta was tied off below the right renal
Australia). Sodium boro-[3H]-hydride (132 mCi/mg) was artery. The mesenteric artery was tied off distal from
from Amersham International (Buckinghamshire, UK). the aorta. The vena cava was tied off above the right
Inulin [carboxyl-14C] (2.1 mCi/g) was from DuPont (Wil- renal vein and below the left renal vein, the clamp placed
mington, DE, USA). Diaflo PM30 ultrafiltration mem- on the left renal vein was removed, and the collection of
branes were from Amicon Inc. (Beverley, MA, USA). renal venous effluent from the right kidney commenced
(Fig. 1). Fresh heparinized rat blood at 378C was infused
Solutions and buffers into the right jugular vein (4 to 6 ml/min) to maintain
Phosphate-buffered saline (PBS), pH 7.4, contained blood pressure and to replace blood lost through the
(mm) 136.9 NaCl, 2.68 KCl, 8.1 Na2HPO4, and 1.5 collection of the venous effluent. The pulse experiment
was started by injecting approximately 30 ml bolus con-KH2PO4. Krebs-Henseleit buffer, pH 7.4, contained
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aneroid manometer, while kidneys had an average flow
rate of approximately 20 ml/min monitored by a ball
flowmeter. Kidneys were perfused with 160 ml of recircu-
lated, filtered 5% BSA in Krebs-Henseleit buffer con-
taining glucose, essential amino acids, and oxygen radical
scavengers [10]. The system was maintained at 378C, and
the perfusate was continually gassed with 95% O2/5%
CO2. Kidneys perfused in this way exhibited normal renal
parameters compared with in vivo function, including
fractional clearances of total albumin (Table 3) [11, 15].
For pulse experiments, the kidney was perfused for
30 minutes, and then a 30 ml pulse containing approxi-
mately 8 3 107 dpm of [3H]albumin or approximately 4 3
107 dpm [3H]HRP was injected directly into the glassFig. 1. A diagrammatic representation of the final configuration in
cannula that cannulates the renal artery. The pulse injec-vivo during the time of injection of the pulse of [3H]albumin and
the three-minute collection period of the renal effluent. The diagram tion occurred while the perfusion was proceeding so that
indicates where the vessels were tied off in order to create a single- the perfusate pressure was maintained at all times andpass perfusion of radiolabeled material through the kidney. The intes-
tines were positioned on the right over the experimental kidney in order there was no interruption of the circulation. The renal
to keep it moist and protected. The radiolabeled material was injected effluent was collected every 10 seconds for three minutes
into the aorta via the mesenteric artery, and the mesenteric artery was
and was measured for radioactivity. For experimentsthen tied off close to the aorta immediately after injection to prevent
leakage at the site of needle insertion (not shown). The blood passed with NH4Cl, kidneys were perfused with 10 mm NH4Cl
through the kidney and was then collected from a catheter inserted in the perfusate for 30 minutes, and then a 30 ml pulseinto the left renal vein (Methods section).
containing approximately 8 3 107 dpm of [3H]albumin
was injected into the renal artery in same manner as for
the control experiments.
taining 2 3 108 dpm of [3H]albumin alone or with approx-
Preparation of albumin peptidesimately 4 3 107 dpm [14C]inulin or approximately 4 3 107
dpm of [3H]HRP alone into the aorta via the mesenteric Bovine serum albumin was dissolved in Krebs–Hense-
artery, which was then tied off at its aortic root to stop leit buffer at 20% wt/vol. Digestion was performed using
leakage. Fractions were collected from the renal vein trypsin (EC 3.4.21.4) at a ratio of 6 mg trypsin per g of
every 10 seconds for three minutes. Fractions were cen- albumin. These conditions were chosen to maximize the
trifuged [3000 rpm for 10 min in a KUBOTA centrifuge concentration of peptide product. Before use, the trypsin
(KS-5200C, Tokyo, Japan)], and the plasma was mea- was incubated in 0.001 m HCl for two hours at 48C to
sured for radioactivity as described earlier. The right eliminate chymotrypsin activity. Following incubation,
kidney thus remained undisturbed throughout the experi- the trypsin was added to the albumin solution, and the
ment, perfused by oxygenated blood under normal condi- pH of the solution was adjusted to 8. The solution was
tions at all times prior to and during the experiment. then incubated for 18 to 24 hours at 378C. The pH was
Systemic blood pressure remained essentially constant
readjusted to 8 every 15 minutes for the first two to
throughout the experiment. Glomerular filtration rate
three hours. After incubation, the pH of the solution(GFR) could not be determined, as the amount of urine
was lowered to 7.35. Trypsin inhibitor was added to theproduced during the three-minute pulse experiment was
digest in the same quantity as the trypsin to stop thetoo low to enable collection.
digestion. The solution was allowed to stir for one-half
hour. The albumin peptides were then separated fromIsolated perfused kidney [3H]albumin pulse studies
intact albumin by filtration through DIAFLO PM30Male Sprague-Dawley rats were anesthetized by a 1 ml
(molecular weight cut off 30,000) ultrafiltration mem-intraperitoneal injection of Nembutal (18 mg/ml). A lap-
branes (Amicon, Inc., Beverly, MA, USA; Fig. 2). Thearotomy was performed, and the right ureter was cannu-
digest was frozen until use. The peptide concentrationlated with polyethylene tubing (PE-10; Dural Plastics
was estimated from a standard curve using BSA andand Engineering, Auburn, NSW, Australia). The right
absorbance at 280 nm. The lack of any residual trypsinrenal artery was cannulated via the superior mesenteric
activity in the peptide digest was tested by incubationartery, and the kidney was removed by en bloc dissection.
of urine collected from an IPK experiment with highThis whole procedure took no longer than 10 minutes.
concentrations of peptides with purified intact [3H]al-The perfusion pressure was maintained at 90 to 100 mm
Hg with a peristaltic pump monitored by a calibrated bumin.
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Fig. 3. Two representative profiles (A and B) of the dpm in the plasma
output from the renal vein as a function of time. Zero time corresponded
to the injection of approximately 30 ml of a solution containing [3H]HRP
into the renal artery in vivo. The dpm was estimated for a 50 ml aliquot
of each 10-second fraction collected. The inset shows a magnified version
of the graph after 40 seconds.
Fig. 2. Elution profile on Sephadex G-100 column (1.5 3 61 cm2) of
trypsin digested albumin (A) before and (B) after filtration through a ments after the introduction of the bolus injection ofmembrane with a 30,000 molecular weight cut-off. The dotted line refers
[3H]HRP and a single pass of this bolus through theto elution fraction of intact albumin. The filtration process removes the
intact albumin. Fraction volume was 1.7 ml. Vo and Vt represent the kidney. There was no recirculation involved. Generally,
void volume and total volume of the column, respectively.
the first 10-second fraction collected has the most radio-
activity (Fig. 3A), and this dropped away sharply over
the next 30 to 40 seconds. However, as shown in Figure
Calculations 3B, it is apparent that the maximum dpm is obtained in
the 10- to 20-second fraction. This is the result of theAll quantitative data are expressed as means 6 sem
difficulty of reproducing exactly the same conditions forwhere N represents the number of determinations unless
the initial injection and venous outflow. After the initialotherwise stated. The significance of difference between
bolus peak, we then observed a relative leveling off ofmeans was analyzed by unpaired Student’s t-test.
radioactivity up to 180 seconds. Although the trend in
the decay in the two experiments was similar, there was
RESULTS variation in the quantity of dpm appearing at any one
Comparison of venous radioactive effluent curves time. Other factors that are difficult to control that will be
partly responsible for this are (a) the varying efficiency ofFigure 3 shows examples of the decrease in radioactiv-
ity in the renal vein effluent of two in vivo control experi- the delivery of the [3H]HRP into the flowing aortic blood
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from filtration that occurred during the passage of the
first 10-second fraction that was collected in the renal
venous effluent.
To ensure that these were genuine pulses and not fluid
dynamic artifacts of the circulatory system, we per-
formed experiments with pulses containing both [3H]al-
bumin and [14C]inulin. The inulin would not participate
in any major type of postglomerular or feedback pathway
in normal kidneys. It is demonstrated conclusively in
Figure 5 that the peaks are specific for albumin, as there
are no peaks in the corresponding fractions for inulin.
The secondary peaks of [3H]albumin relative to [14C]
inulin were generally seen in the same range of 70 to
180 seconds after the start of the experiment. These
experiments demonstrate that there is a pathway that is
selectively increasing the concentration of albumin in
the renal vein effluent.
In order to address the possibility that the peaks do
not correspond to some transient uptake peculiar to re-
gions of the renal vasculature (as distinct from postglo-
merular regions), we examined the venous output with
pulses containing both [3H]albumin and [14C]inulin in
a nonfiltering kidney (achieved by tying off the ureter
approximately 30 minutes prior to administration of
pulse). The results shown in the Figure 6 demonstrate
that there were no peaks either for albumin or inulin
over the 40- to 180-second collection period.
Further evidence for the lack of the renal vasculature
giving rise to albumin peaks in the venous output has
been obtained through uptake studies by glomeruli. Pre-
vious studies have demonstrated that albumin uptake
Fig. 4. Two representative profiles (A and B) of the dpm in the plasma by endothelial cells is relatively small (less than 5%)
output from the renal vein as a function of time. Zero time corresponded compared with binding to extracellular components ofto the injection of approximately 30 ml of a solution containing [3H]al-
the GCW [20]. We would therefore expect that endothe-bumin into the renal artery in vivo. The dpm was estimated for a
50 ml aliquot of each 10-second fraction collected. The inset shows a lial cell involvement in transient uptake of albumin is
magnified version of the graph after 40 seconds and 70 seconds. negligible on this basis alone. When this was measured
under conditions used for the pulse experiments, we
found the uptake of [3H]albumin to be 182 6 127 dpm/
1000 glomeruli (for approximately 9.9 3 107 dpm in-supply via the renal mesenteric artery injection, and (b)
the unique anatomical nature of the vasculature and jected, N 5 4) and [3H]HRP to be 72 6 48 dpm/1000
glomeruli (for approximately 2.9 3 107 dpm injected,blood flow through it associated with each kidney. Al-
though the overall decay curves can exhibit variability, N 5 3) for glomeruli isolated by the sieve method of
Spiro [21] from kidneys removed 30 seconds after theit is apparent that for HRP they are continuous and
exhibit no peaks. administration of the pulse. These studies also demon-
strated that glomerular endothelial cell involvement inThe decay curves for albumin obtained in vivo show
similar trends (Fig. 4). However, the striking feature the processing of albumin and HRP were similar and
quantitatively small even to the extent of translating theassociated with the albumin studies is that in the range
of 70 to 180 seconds, the decay curves exhibited definite result to the whole renal vasculature (glomeruli repre-
sent approximately 10%).peaks of radioactivity that were not seen with HRP. The
exact position and magnitude of the peaks seemed to The pulse experiments for venous decay output were
also performed in the IPK, as shown in Figure 7. Oncevary from experiment to experiment, but their appear-
ance over this time range was consistently observed (N 5 again, secondary peaks were observed for [3H]albumin
but not for [3H]HRP. The involvement of vesicular trans-14; discussed later in this article and in Table 1). The
peaks seem to decrease in size with time. We suggest port, perhaps associated with proximal tubular cells, was
demonstrated by the fact that 10 mm NH4Cl, which isthat these peaks represent glomerular-filtered albumin
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Table 1. Transport data associated with the in vivo [3H]albumin pulse experiments
Time for
primary peak
Specific dpm in exposure to Renal vein Mean systemic blood pressure mm Hg
activity secondary filtration effluent flow Albumin flux
dpm/mga peaks seconds rate ml/minb Initial Pulse % Change lg/min
5.653105 1.063106 40 4.2460.13 121 129 16.6 2818
7.183105 9.283105 30 3.0860.18 102 117 114.7 2592
7.553105 1.983105 10 4.4960.25 112 119 16.2 1573
9.093105 1.983106 30 4.5760.15 109 105 23.7 4348
1.053106 6.113105 10 6.1060.08 110 121 110.0 3489
1.173106 1.233105 10 6.0660.11 88 77 212.5 634
2.453106 1.013106 20 1.6860.08 126 116 27.9 1241
2.713106 1.183106 20 4.1460.10 123 130 15.7 1288
2.893106 8.613105 10 3.1160.24 119 117 21.7 1788
2.893106 3.913105 10 4.2560.22 126 123 22.4 811
3.133106 9.673105 10 4.8860.15 126 140 111.1 1854
3.573106 1.273106 20 2.4460.15 105 84 220.0 1066
3.803106 5.953105 10 5.9560.30 119 116 22.5 939
7.403106 1.463106 10 5.1460.11 119 105 211.8 1183
Mean 4.3060.35 11463 114 65 0 18306292
a Calculated by the amount of radioactivity in the primary peak divided by plasma albumin concentration of 35 mg/ml
b Calculated on the basis of the volume in each 10-second fraction collected over the 3-minute venous effluent collection period
Fig. 6. A representative profile of the dpm in the plasma output fromFig. 5. A representative profile of the dpm in the plasma output from
the renal vein as a function of time in a nonfiltering kidney in whichthe renal vein as a function of time. Zero time corresponded to the
the ureter was tied off. Zero time corresponded to the injection ofinjection of approximately 30 ml of a mixture containing [3H]albumin
approximately 30 ml of a mixture containing [3H]albumin and [14C]inulinand [14C]inulin into the renal artery in vivo. The profiles are for [3H]al-
into the renal artery in vivo. The profiles are for [3H]albumin (d) andbumin (.) and [14C]inulin (r). The dpm was estimated for a 50 ml
[14C]inulin (s). The dpm was estimated for a 50 ml aliquot of each 10-aliquot of each 10-second fraction. The dashed line is drawn to establish
second fraction.the position of the peaks for [3H]albumin.
Quantitative estimates of glomerular flux yieldingknown to inhibit the uptake of lysozyme by the tubules
albumin reappearance in the renal vein[10], is shown to inhibit the appearance of the secondary
peaks. Examination of the effluent fraction taken at 60 In quantitating the glomerular flux in the in vivo stud-
ies as represented in Figure 4, we established the peaksto 70 seconds by size exclusion chromatography, as
shown in the inset of Figure 7, demonstrates that the by drawing a line to create a continuous decay curve. This
procedure was justified by the curves shown in Figure 5,albumin in the effluent is intact and that there are no
degradation products present. in which the inulin decay curve served as a baseline that
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2. The mean flux for all experiments with [3H]albumin in
vivo was 1830 6 292 mg/min (N 5 14), assuming that
the concentration of albumin in plasma was 35 mg/ml.
In performing the same analysis for the decay curves
for [3H]HRP so that its dpm was assumed to be “albumin-
like” (that is, using a specific activity calculated from the
dpm associated with [3H]HRP and a plasma albumin
concentration of 35 mg/ml), we obtained an apparent
flux of 370 6 119 mg/min (N 5 7, P , 0.01; Table 2).
This value should be considered as noise in the effluent
profile that may give rise to small apparent peaks.
Conditions for the single pass perfusion of bolus radio-
activity in vivo in both the [3H]albumin and [3H]HRP
experiments appeared to be normal. The mean systemic
pressure over the course of the surgery and the adminis-
tration of the bolus remained relatively constant (Tables
1 and 2). The venous effluent flow rate during the pulse
experiment also remained constant. The average venous
effluent flow rate (Tables 1 and 2) of 4.2 to 4.3 ml/ml is
Fig. 7. Representative profiles of the dpm in the perfusate output of in accord with that predicted from the GFR of 0.72 ml/the isolated perfused kidney as a function of time for [3H]albumin (.),
min measured in vivo [15] and 20% filtered load[3H]HRP (d), [3H]albumin in the presence of 10 mm NH4Cl (j). The
radioactive solutions were introduced as an approximate 30 ml pulse [22], which would yield a venous effluent flow rate of
in the tube cannulating the renal artery. The dpm was for the total 3.6 ml/min.amount in each 10-second fraction collected. The dashed line is drawn
Accounting for the total amount of material injectedto establish the position of the peaks. (Inset) Fractionation of effluent
fraction obtained between 60 and 70 seconds on a Sephadex G-100 in the pulse in vivo is difficult. This is caused in part by
column. the fact that the mesenteric artery is tied off immediately
after the pulse injection, so that there is no guarantee
that there is a 100% transfer of injected pulse into
the aortic blood supply. However, we can estimate thewas approximately parallel to the dashed lines drawn to
calculate the dpm in each secondary peak. It was possible amount of [3H]albumin radioactivity remaining in the
whole kidney at the conclusion of the three-minuteto calculate the effective glomerular flux of albumin (F,
mg/min) that gives rise to the secondary peaks observed chase. The kidney was removed and digested. The total
dpm/kidney was equal to a mean value of 0.157 ml ofin the renal effluent. The calculation was as follows
the plasma collected at 180 seconds (N 5 3), as deter-
mined by the activity (dpm/ml) of the plasma at thatF 5 (Sdpm in secondary peaks) 3 specific activity of
albumin in major bolus fraction/time of exposure of the time. The result suggests that most of the detectable
filtered albumin was essentially removed from the kidneybolus fraction to glomerular filtration
within three minutes.
For the IPK studies, the glomerular flux of albuminwhere the time for each fraction collected was 10 sec-
onds. The time of exposure of the bolus fraction to glo- giving rise to peaks in the venous effluent was calculated
to be 1819 6 715 mg/min (N 5 8). This value is in goodmerular filtration was calculated from the radioactivity in
the first few fractions collected in the renal vein effluent agreement with that obtained in vivo. The corresponding
value for [3H]albumin in the presence of ammonium(these fractions are defined as primary fractions or peaks
as distinct from the secondary peaks associated with al- chloride was 394 6 197 mg/min (N 5 8, P , 0.01). The
apparent value for [3H]HRP, assuming it behaved likebumin return to the renal vein). In the case in which
comparable dpms were seen in the first two fractions of albumin as described earlier here, was 291 6 105 mg/
min (N 5 7, P , 0.01). In all of the IPK studies, 100%the venous effluent, then the specific activity was calcu-
lated as an average of the two fractions, and the time of the injected pulse, in which the volume was accurately
known, could be accounted for at the end of the three-for filtration to occur was taken as 0.333 minutes (that
is, two 10-second fractions). Generally, the radioactivity minute experiment. Furthermore, the material appearing
in the peak fraction of 60 to 70 seconds was intact albu-in the first few fractions was primarily in the first 10-
second fraction or the first two effluent fractions col- min, and there was no evidence for degraded material
(Fig. 7, inset).lected. On occasion, the bolus radioactivity was collected
over a 30- to 40-second time period. The details of all Given the likelihood that the rapid postglomerular
transport was initially mediated by a receptor-mediatedexperiments performed in vivo are shown in Tables 1 and
Eppel et al: Glomerular-filtered albumin in the renal vein1868
Table 2. Transport data associated with the in vivo [3H]HRP pulse experiments
Apparent dpm in Time for primary Renal vein ApparentMean systemic blood pressure mm Hg
specific activity secondary peak exposure to effluent flow albumin flux
dpm/mga peaks filtration seconds rate ml/minb Initial Pulse % Change lg/mina
1.483105 1.213104 30 3.2960.14 114 103 29.6 163
2.873105 7.03104 20 5.2360.07 108 124 114.8 732
3.243105 7.143104 20 5.7160.10 134 108 219.4 661
3.313105 0 30 3.3760.24 93 88 25.4 0
3.503105 7.273104 20 4.8060.06 122 133 19.0 623
4.413105 6.103104 20 3.7960.25 129 129 0.0 415
5.203105 0 20 4.7060.19 122 138 113.1 0
Mean 4.2160.36 11765 117 67 0 3706119
a Calculated as if the [3H]HRP behaved as albumin using a specific activity from the [3H]HRP dpm in the primary peak and a plasma albumin concentration of
35 mg/ml
b Calculated on the basis of the volume in each 10-second fraction collected over the 3-minute venous effluent collection period
Table 4. Comparison of high capacity retrieval pathway for albuminTable 3. Fractional clearance of [3H]albumin in the isolated
perfused kidney in the presence of albumin peptides predicted from glomerular sieving coefficient to that measured by
pulse experiments
0–40 min 40–60 min
IPK In vivo
Control (N 5 6)
Urine flow rate ml/min 0.12260.029 0.148 60.027 Plasma albumin concentration mg/ml 50 35
GFR/kidney ml/min 0.83 0.72Glomerular flow rate ml/min 0.86760.091 0.828 60.068
Fractional clearance of Glomerular sieving coefficient for albumin 0.074 0.074
Fractional clearance for albumin 0.0075 0.0023[3H]albumin 0.009060.0015 0.0075 60.0016
IPK with 12.5 mg/ml albumin GCW flux for albumin lg/min 3071 1865
Excretion rate lg/min 311 58peptides (molecular weight
, 30 kD) (N 5 5) Predicted uptake by tubules lg/min 2760 1807
Measured retrieval pathway flux lg/min 18196715 1830 6292Urine flow rate ml/min 0.07560.031 0.111 60.036
Glomerular flow rate ml/min 0.28260.050 0.321 60.048 Data has been obtained from Tables 1 to 3 and references [10, 11, 14, 15].
Fractional clearance of
[3H]albumin 0.041760.0144 0.0383 60.0103
Data are presented as mean 6 sd.
or a shunt pathway that permits a small leak of arterial
blood directly into the renal venous circuit. The results
with [3H]HRP (which has a similar radius of 33 A˚ toendocytosis of albumin, we tested the influence of albu-
that of albumin 36 A˚) would also eliminate the possibilitymin peptides of less that 30 kDa obtained by tryptic digest
of plasma to lymph exchange contributing to the peaks,of albumin on the fractional clearance of albumin in the
as the plasma to lymph ratio of HRP and albumin areIPK system. These peptides should be freely permeable
almost identical [23, 24], and their exchange rates wouldat the GCW and therefore be able to compete effectively
be similar given their similarity in hydrodynamic size.at postglomerular sites for albumin uptake. When the
The retrieval pathway is likely to be associated with thepeptides were present in the perfusate at a concentration
tubular epithelium, and this putative mechanism will beof 12.5 mg/ml together with intact albumin at 50 mg/ml,
used in further discussion. Another possibility is that thethe IPKs exhibited significantly higher fractional clear-
retrieval pathway may operate through the glomerularance values of [3H]albumin than control kidneys when
epithelium with albumin back flux across the GBM,measured for urine fractions obtained between 0 and 40
where zero pressure gradients may occur underlying glo-minutes and 40 to 60 minutes (Table 3). The fractional
merular endothelial cells.clearance increased from a control value of 0.0075 6
It is striking that the measurements made in this study0.0016 to 0.0383 6 0.0103 (N 5 5, mean 6 sd).
through the appearance of the secondary peaks in the
venous output both in vivo and in the IPK give rise to
DISCUSSION such quantitatively similar rates of albumin flux return
to the capillary and to those predicted from the GSC ofThe specificity of the appearance of albumin peaks in
the venous effluent in a filtering kidney demonstrates that albumin (Table 4). The appearance of the secondary
peaks and their quantitative similarity from two differentthe retrieval pathway is associated with the processing
of filtered albumin by a postglomerular transcellular path- types of pulse study provide strong direct evidence as to
the existence of the high capacity pathway that returnsway. The lack of any similar postglomerular processing
of [3H]HRP and [14C]inulin effectively eliminates passive albumin to the blood supply.
The trail of radioactivity in the renal vein will tend toprocesses such as postglomerular paracellular pathways
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mask packages of [3H]albumin exiting the vein over the processed by the low-capacity system, as Park and Maack
described [17]. There have been no published studies ontime period of 70 to 180 seconds. Ideally, if there was
no trail and the bolus was completely eluted in the renal transtubular cell transport at concentrations that would
invoke the high-capacity system, a system likely to ac-vein within 40 seconds, then the peaks associated with
the postglomerular transcellular pathway would be far commodate the high-capacity binding site described by
Park and Maack [17]. The routes of intracellular traffick-easier to observe. Overall, the appearance of the albumin
peaks may involve complex fluid flows in a unique renal ing are not well understood, although there is the poten-
tial for significant transcellular transport [26, 33, 34].vasculature structure for each rat kidney tested. It may
also involve nephrons at various positions in the cortex The existence of a postglomerular high-capacity path-
way would not have been inferred from previous micro-that may yield different kinetics in terms of the appear-
ance of the returned albumin peak that may lead to puncture studies. This large body of work has consis-
tently demonstrated that the albumin concentration inmultiple peaks. For all of these reasons, we did not pur-
sue a statistical analysis of each individual peak but the early proximal tubular lumen is low and would not
equate with the fluxes identified in this study. Impor-rather, at this stage, a statistical examination of the total
area of the peaks observed in the 70- to 180-second time tantly, the assumption that the concentrations measured
in samples collected from the early tubular lumen areperiod, as described in Tables 1 and 2.
We also have demonstrated previously that the [3H]- representative of the albumin flux across the GCW has,
however, not been demonstrated. We suggest that thelabeled material returned to the blood supply is unde-
graded albumin (Fig. 7) [10, 14, 15]. In terms of previous residual albumin concentrations measured in the tubular
lumen are the result of the rapid, high-capacity pathwaystudies, in which a bolus of [3H]albumin was intrave-
nously injected and material then analyzed in the plasma removing albumin from this area as soon as it is filtered.
The relatively high trafficking of albumin by the tu-after one hour, the limit of detection of undetected low
molecular weight material, if it existed, would be less bules as identified in this study could be seen to contra-
dict recent reports that albumin exhibits renal toxicity,than 0.003% of the radioactive albumin in the plasma
[15]. This is far lower when compared to the peak frac- particularly in albuminuric states. There has been no
direct evidence provided so far that albumin itself istions shown, for example, in Figure 4, which constitute
approximately 5% of the effluent fraction. toxic, and recent studies would suggest that it has no
It has long been demonstrated that albumin can be toxicity toward proximal tubule cells [35]. There has been
internalized by an endocytotic mechanism by the early discussion that ligands bound to intact albumin such as
proximal tubule epithelium [25, 26], possibly through lipoproteins are likely to be a principal class of molecules
the involvement of specific cell surface albumin-binding contributing to the toxic effect [36].
proteins [27–32]. The use of albumin peptides as de- Finally, the high capacity of the postglomerular path-
scribed in this study would be entirely consistent with way identified in this study makes it a potential target for
an albumin-binding protein on the proximal tubule cell malfunction in renal disease to give rise to albuminuria.
that is directly involved in the endocytotic uptake of
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